In most flowering plants, including Arabidopsis, female gametophyte development begins early 10 in ovule development, when a sub-epidermal cell differentiates into the diploid megaspore 11 mother cell which will initiate meiosis (megasporogenesis). After meiosis, only one megaspore 12 develops into the female gametophyte (megagametogenesis). Whereas the other three 13 megaspores undergo programmed cell death, this functional megaspore performs three free 14 nuclear division cycles resulting in an eight-nucleate syncytium (Sprunck and Groß-Hardt indexed adapters in the calli data, and for Nextera and SMARTer sequence remnants in the egg 11 cell reads). The resulting reads were aligned to the Arabidopsis thaliana reference genome 12 TAIR10 (http://www.arabidopsis.org/). Small RNA reads were mapped with butter (Axtell, 13 2014) with default parameters. Butter distributes reads mapping to multiple loci in the genome 14 by an iterative process relying on the density distribution of uniquely aligned reads, and both 15 unique and multi-mapping reads were considered. Alignment of mRNA reads was performed 16 were calculated for all mRNA samples for gene expression level comparisons. To visualize 33 them in heatmaps, we used logarithmized transcripts per million (TPM) plus a pseudocount9 (log2[TPM+0.5]), as these were approximately Gaussian distributed, and normalized for 1 between-sample variation. Prediction of novel miRNAs was performed with miR-PREFeR, and 2 predicted mature miRNAs were included in the annotation file (Lei & Sun, 2014 For quantitative real time PCR 1 µl of cDNA was used per reaction with 2x SYBR-Green 22
Master Mix (Peqlab) on a Mastercycler ep realplex S (Eppendorf). UBC (AT5G25760) and 23 eIF4G (AT3G60240) were used as reference genes. Primers are listed in Table S1 . Triplicates 24 of each sample were analyzed. The change of expression between two samples was determined 25 by the 2-ΔΔCT Method according to (Livak & Schmittgen, 2001 covering 313 bp of the 3' region of ENDOL7 (At1g79800) and 303 bp of the 3' region of AGO1 30 (At1g48410) were amplified using primer pairs ENODL7_F/ENODL7_R and AGO1_F/ 31 AGO1_R, respectively, and cloned into pCR™II-TOPO (ThermoFisher). The coding 32 sequences of ASP (At1g31450, 1338bp) and SBT4.13 (At5g59120, 2196bp) were amplified 33 from cDNA using primer pairs ASP_F/ASP_R and SBT4_F/SBT4_R, respectively, and cloned 34 into pENTR/D-TOPO (Thermo Fisher Scientific). Primers are listed in Table S1 . Probes were 1 synthesized using the DIG RNA Labeling Mix kit (Roche, Product No. 11175025910) with 2 linearized plasmid as a template. Probes for SBT4. 13 and ASP were fragmented to 300 bp. For 3 small RNA detection by WISH, miRCURY LNA TM enhanced probes were ordered from 4 EXIQON and 5' DIG-labeled miRCURY LNA TM scramble-miR was used as negative control 5 (Table S1 ). To prevent wash out of small RNAs from the sample an additional EDC-fixation 6 step was carried out following company instructions (http://www.exiqon.com/ls/documents/ 7 scientific/edc-based-ish-protocol.pdf) and as described previously (Gosh Dastidar et al., 2016) . 8
For miRCURY LNA TM enhanced probes the hybridization and washing steps were carried out 9 at 48°C with a probe concentration of 10-20 nM. Gene-specific probes were hybridized and 10 washed at 55°C. 11
12

Northern blots 13
Small RNAs were separated on 12% Polyacrylamid gels containing 7.5M Urea as previously 14 described (Meister et al., 2004) . After transfer to Hybond-N (Amersham Biosciences) and 15 crosslinking with EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide), membranes were 16 probed with 5´ (γ-32 P)ATP end-labeled antisense oligonucleotides directed against the miRNA 17 of interest. Northern blots were stripped and re-probed for U6 snRNA as loading control. 18
Oligonucleotide sequences are listed in Table S1 . 19
20
Construction of Reporter Transgenes 21
For promoter-reporter constructs, the respective promoter regions were amplified from 22 genomic DNA using Phusion DNA Polymerase (New England Biolabs) and promoter-specific 23 primers (Table S1) (Fig. 1A) . Two independent RKD2-induced cell lines were propagated as calli on 27 hormone-free selection medium (Fig. 1B) . As a control tissue, we produced calli by cultivating 28 root explants of Arabidopsis seedlings on callus-inducing medium (CIM) supplemented with 29 auxin and cytokinin (Fig. 1C) . Fluorescence of RKD2-GFP was regularly assessed in the 30 RKD2-induced calli (Fig. 1D ) and confocal laser scanning microscopy revealed that RKD2-31 GFP locates, like expected, to the nucleus (Fig. 1E) suggested egg cell-like features, whereas these transcripts were not detectable in the auxin-and 5 cytokinin-induced control callus (CIM) (Fig. 1F) . Notably, the two RKD2-induced cell lines 6 exhibited stable growth and RKD2-GFP expression throughout years of culture on hormone-7 free selection medium. 8 9 RNA-Seq analysis of differentially expressed genes 10
To identify differentially expressed genes between the RKD2-induced callus and the CIM 11 callus, three biological replicates for each callus type were used for RNA extraction, library 12 preparation and Illumina Next-Generation Sequencing. After trimming, 52 to 63 million reads 13
were retained per sample, of which between 93% and 96% were mapped by TopHat2 (Table  14 S2). The total number of annotated genes in TAIR10.22 was 33,602, of which 24,928 remained 15 after automatic independent filtering of low count genes by DESeq2. Pearson´s correlation 16 coefficients indicated that the differences between the two callus types were considerably larger 17 than between the three biological replicates (Fig. S1) . 6,137 genes with a log2-fold threshold 18 of 2 and a false-discovery rate (multiple testing adjusted p-value) smaller than 0.00001 were 19 considered differentially expressed in the RKD2-induced callus when compared with the CIM 20 callus (Table S3 ). Among those, 2,895 genes were induced (log2 FC ≥ 2) and 3,242 genes were 21 repressed (log2 FC ≤ -2) in the RKD2 callus. Fig. 2a Notably, the two chromatin-remodeling protein encoding genes CHR34 and CHR40 (also 5 termed CLASSY4) were the only two family members with strong induction in the RKD2-6 induced callus, whereas others such as CLASSY1 (CHR38), BRM/CHR2 (BRAHMA), 7 PKL/CHR6 (PICKLE) and SYD/CHR3 (SPLAYED) were repressed (Fig. S2a) . Among all the 8 plant-specific RNA polymerase Pol IV and Pol V subunits, NRPE5-L showed strongest 9 induction in the RKD2-induced callus (Fig. S2b) . and promoter-reporter studies (Fig. 2c,d ). WISH with mature Arabidopsis ovules revealed egg 20 cell-specific expression of RKD2-induced ASP (ASPARTYL PROTEASE), ENODL7 (log2FC 21 of 10.6) and SBT4.13 (SUBTILASE 4.13; log2FC of 3.37), whereas AGO1 (log2FC of 0.41) 22
showed a rather ubiquitous expression in the ovule (Fig. 2c ). For promoter-reporter studies, a 23 nuclear-localized 3xGFP reporter (NLS3xGFP) was expressed under control of selected 24 promoter sequences in transgenic plants. At least five independent transgenic lines were 25 investigated for GFP fluorescence by confocal laser scanning microscopy ( identify egg cells after they had been released from ovules treated with cell wall-degrading 5 enzymes (Fig. 3a) . Three replicates of 25 to 30 pooled egg cells each were used for RNA 6 extraction, followed by library preparation from poly(A)+ RNA and Illumina Next-Generation 7
Sequencing. After trimming, 47 to 57 million reads were obtained per replicate of pooled egg 8 cells (Table S2) and 20,148 genes had a mean TPM of at least 1 (Table S4) . 9
Because of limited availability of egg cells, resulting in very low amounts of input RNA for 10 sequencing, we had to use a different library preparation protocol than the one used for the CIM 11 and RKD2-induced callus samples. To avoid artifacts when comparing sample groups, we 12 performed differential expression analysis only for the comparison of RKD2-induced callus 13 with CIM callus (Table S3) . To compare the two callus types with the egg cell pools, we decided 14
to not perform statistics because of the afore-mentioned issue, but only calculated transcripts 15 per million (TPMs) to visualize differences in gene expression levels (Table S4) . 16 In previous microarray-based expression studies, 99 genes were reported to be upregulated at 17 least seven-fold in the RKD2-induced callus in comparison to seedlings and hormone-induced 18 CIM callus, and were therefore considered as putative egg cell-specific genes (Kőszegi et al. 
When we compared mean expression values (average TPM, +/-SD) of the ten Arabidopsis 2
AGOs we found AGO5, AGO8 and AGO9 to be specifically expressed both in egg cells and in 3 egg cell-related RKD2 callus whereas they were absent in the CIM control callus (Fig. 3b) , 4 which is in line with our results obtained from real-time RT-PCR with the two callus tissues 5 and promoter-reporter studies in Arabidopsis ovules (Fig. 2) . Although the average TPM value 6 for AGO8 was very low, the presence of AGO8 transcripts in egg cells was confirmed by RT-7 PCR (Fig. 3c) . To investigate AGO expression in both female gametes we also included isolated 8 central cells in our RT-PCR experiments. AGO2, AGO6 and AGO8 transcripts were only 9 detected in egg cells, whereas amplification products for AGO1, AGO4, AGO5, AGO7 and 10 AGO9 were detected in both female gametes ( and in the RKD2-induced callus (Fig. 5) , demonstrating that both transcripts are efficiently 6 translated into proteins in the egg cell-related callus. 7 8
Small non-coding RNAs in the egg cell-related callus 9
Since we proved AGO protein abundance and egg cell-related transcriptome features, we 10 considered the RKD2-induced callus suitable to investigate its small RNA (sRNA) profile in 11 comparison to that of the hormone-induced CIM callus. We prepared six small RNA libraries 12
(each three biological replicates) using the same batches of total RNA that had been used for 13 mRNA-Seq for Illumina sequencing. After trimming, between 26 and 29 million small RNA 14 (sRNA) reads were obtained for each sample of the hormone-treated CIM callus, whereas 15 between 17 and 20 million sRNA reads were retrieved for each of the egg cell-related RKD2 16 callus samples (Table S2 ). For the CIM callus libraries, between 39 and 45% of the trimmed 17 sRNA reads could be mapped uniquely to the Arabidopsis genome, and between 20 and 23% 18 of the reads had multiple mapping locations. The libraries from the RKD2-induced callus 19 contained between 8 and 12% reads which could be uniquely mapped, whereas between 30 and 20 38% of the reads had multiple mapping locations. The lower percentage of uniquely mapped 21 reads in the sRNA libraries from RKD2 callus tissue was mainly caused by a significantly 22 higher number of sRNAs derived from repetitive elements (e.g., transposable elements), which 23 mapped to multiple genomic positions. Both uniquely and multi-mapping reads were 24 considered for sRNA expression analyses. 25
We restricted further analyses to reads with length 18-24 nt, to exclude reads that did not derive 26 from small RNAs but from degradation products of longer RNA specimen. This reduced the 27 number of input reads to 10 to 14 million reads for the CIM callus samples and 4 to 5 million 28 reads for the RKD2 callus samples. Mapping rates were higher for this subset, with 48-49% 29 unique mappings for CIM callus samples and 17-21% for RKD2 callus samples, respectively, 30 and 36-37% multi-mapping reads for CIM callus samples, and 70-75% multi-mapping reads 31 for RKD2 callus samples (Table S2) . 32
To compare the relative abundance of read length across sRNA feature types, we calculated 33 relative read counts (percentages) for each sample, and summarized biological replicates by 34 taking the median. The resulting profile of read length revealed that the majority of reads was 1 either 21 nt or 24 nt long (Fig. 6a) , which is in agreement with the miRNA and siRNA classes 2 of small RNAs in Arabidopsis. However, 24-nt sRNAs were most abundant in the RKD2-3 induced callus, whereas the highest percentage of counts in the CIM callus comprised 21-nt 4 sRNAs, likely reflecting stronger tendencies towards post-transcriptional silencing in the CIM 5 callus and RNA-dependent DNA methylation in the egg cell-related callus, respectively. To 6 functionally dissect the reads with specific lengths, we aligned them to the genomic features 7 annotated in the TAIR database (arabidopsis.org). Notably, the egg cell-related callus produced 8 a proportionately higher number of transposable element (TE) sRNA counts (47% of all counts, 9 versus 20% in CIM callus). TE-derived siRNAs were prominent among the 24 nt reads but also 10 among the 21-nt and 22-nt long reads, indicating the posttranscriptional degradation of 11 transposable elements activated in the egg cell-related callus. 12
Increased levels were furthermore obtained for 18, 19, 23 and 24 nt long reads originating from 13 tRNA loci (10.8% of all counts in RKD2 callus, versus 0.7% in CIM callus) (Fig. 6a) . On the 14 other hand, the egg cell-related callus revealed reduced levels of miRNAs (19% of total reads 15 versus 51% in CIM callus). A considerable fraction of reads with length 21 nt and longer 16 aligned to protein-coding genes in the CIM callus, whereas in the RKD2 callus reads mapping 17 to protein-coding regions were represented across the complete range of read lengths analyzed. 18 However, the total number of reads aligned to protein-coding regions did not differ much 19 between the two types of calli (18% in CIM callus versus 16% in RKD2 callus). These reads 20 can stem from siRNAs targeted against protein-coding genes and from degradation products of 21 protein-coding genes. 22
23
Expression changes of TE sRNAs and miRNAs in the egg cell-related RKD2 callus 24
For differential expression analysis of small RNAs with DESeq2, we considered small RNA-25 seq reads of lengths 18 to 24 nt mapping to a genomic feature annotated in TAIR10.22 for 26 library size normalization and focused on miRNAs and transposable element (TE)-derived 27 small RNAs. 28
Small RNAs silencing transposable elements 29
Small RNA read counts aligning to the antisense strand of TEs were investigated in more detail 30 for their differential expression and distribution across TE families. Among the 1,463 TE loci 31 with mapped sRNA reads, the majority (81.9%) was repressed in the RKD2 callus, suggesting 32 that the corresponding siRNAs mediate transcriptional silencing to prevent deleterious 33 reactivation of transposons ( Fig.6b and Table S5 ). The largest groups among the repressed TE 34 were formed by copia-like long terminal repeat (LTR) retrotransposons and non-LTR 1 retrotransposons (LINEs), followed by class II DNA transposons from the CACTA, hAT 2 (hobo/Ac/Tam3)-like and Mutator superfamilies. Nevertheless, we also detected 265 3 transcriptionally active TE loci with matching sRNA reads in the egg cell-related callus, 4 matching with previous observations that reactivation of TEs occurs specifically during female 5 and male gamete formation (Slotkin et al. 2009; Olmedo-Monfil et al., 2010). Notably, the 6 majority (66%) of these induced TE loci belong to the Gypsy-like superfamily of long terminal 7 repeat (LTR) retrotransposons and more than half of those were Athila LTRs (Fig.6b) . 8 miRNAs 9
To quantify the differential expression of annotated and novel miRNAs, we substituted the 10 miRNAs annotated in TAIR10.22 with Arabidopsis miRNAs from miRBase and predicted 11 novel miRNAs using the miR-PREFeR prediction tool (Lei and Sun, 2014) before running 12
DESeq2. Those miRNAs with annotated sequences in the miRBase sequence database 13 (Kozomara and Griffiths-Jones, 2014) were referred to as "known". Differential expression 14 profiling of known miRNAs revealed clear differences between the egg cell-related RKD2 15 callus and the hormone-induced CIM callus. In total, 96 known miRNAs were differentially 16 regulated with a log2 fold change of at least 2 (Table S6) . Notably, the great majority of these 17 miRNAs (88) showed reduced abundance in the RKD2 callus when compared with the control 18 callus (Fig. S4) , whereas only 9 miRNAs were induced. Considering -3p and -5p mature forms 19 separately, the strongest induced miRNA in the RKD2 callus was miR172d-3p (log2FC of 9.2), 20 followed by miR831-3p and miR866-5p (both log2FC of 6.1) (Fig.7a) . Highest read counts in 21 the RKD2 callus were derived for upregulated miR158a-5p (average counts 6,252; log2FC of 22 4.5), miR866 (average counts 1,549; log2FC of 6.1), and miR5640 (average counts 1,615; 23 log2FC of 3.7) (Table S6) . 24
The strongest repressed miRNA was miR165b (log2FC of -14.52) with an average of 7,098 25 counts in the CIM callus but no counts in the RKD2 callus. The most abundant miRNAs in the 26 CIM callus were those derived from MIR165 and MIR166 loci (miR165a,b and 166a,c,f,g ). 27
Furthermore, miR157a,b,c (log2FC of -9.8 to -5.1), miR156a,c,d,e (log2FC of -9.4 to -3.7) and 28 miR8167 (log2FC of -9.2 to -4.8) were among the strongest repressed miRNA in the CIM callus 29 (Fig. S4 and Table S6) . 30
Beside known miRNAs we identified 30 potential novel miRNAs which were differentially 31 expressed. Comparisons of the genomic coordinates of these "novel" miRNAs with genomic 32 coordinates of miRNAs in miRBase revealed that some of them correspond to stem-loop 33 sequences of known MIR precursors but differ from known miRNAs derived from these stem 34 loops. In total, 20 differentially expressed novel miRNAs were linked to known MIR 1 precursors, whereas 10 differentially expressed novel miRNAs mapped to new gene loci ( Table  2   S7 ). The differential expression of six selected known and novel miRNAs was successfully 3 validated by Northern blot hybridization (Fig.7b) . 4
5
Predicted and experimentally validated targets of differentially expressed miRNAs 6
The identification of target genes of the differentially expressed miRNAs was performed using 7 the plant small RNA target analysis tool psRNAtarget. We then analyzed the differential 8 expression of predicted targets in the RKD2-induced callus, particularly taking account of 9 miRNA-targeted cleavage which should result in negatively correlated expression tendencies 10 of the miRNA targets. Table 1 Athila (AT1G43060) is a predicted target for miR845a-guided cleavage and its expression is 20 downregulated in the RKD2 callus. Opposing expression tendencies were also obtained for 21 targets predicted for the other seven RKD2-induced miRNAs (Table 1) , and for targets of 22 miRNAs which were strongly repressed in the RKD2 callus (Table S8) . 23
Examples are targets for miR5653 (log2FC of -9.6), miR319b (logFC of -8. protein (At5g23480). Notably, At5g23480 is egg cell-expressed and strongly induced in the 32 RKD2 callus (log2FC of 9.74), which was verified by real time RT-PCR (Fig. 2b) . A 33 comprehensive overview on differentially expressed known and novel miRNAs, together with 1 target predictions by psRNAtarget is given in Tables S8 to S10.  2   3 Differentially expressed small non-coding RNAs in the female gametophyte 4
We performed small RNA whole mount in situ hybridization (WISH) with DIG-labeled locked 5 nucleic acid (LNA) antisense probes to examine the spatial distribution of differentially 6 expressed miRNAs in Arabidopsis Col-0 ovules (Fig. 8) the probe directed against miR845a-3p (Fig. 8) . 25 We also included WISH experiments with miRNAs which were repressed in the RKD2 callus 26 ( Fig. 8; up in CIM callus) . Indeed, the isoforms of miR390 and miR166, both strongly repressed 27 in the RKD2-induced callus (log2FC of -8.9 to -6.0 for miR390b,c and logFC of -9.7 to -9.1 28 for miR166c,f,g, respectively), have not been detected in egg cells. However, these miRNAs 29 showed a synergid-specific expression within the female gametophyte and exhibited a polar 30 distribution towards their micropylar pole. Notably, we also detected signals of miR390b,c and 31 miR166c,f,g in the micropyle of the ovule, suggesting them to be secreted by the synergid cells. We complemented the transcriptome data with RNA-Seq data generated from isolated 13 Arabidopsis egg cells and found a largely overlapping expression pattern of genes which are 14 induced in both the egg cell and the RDK2 callus, including AGOs and known or, so far, 15 unexplored chromatin regulators. These include, for example, histone deacetylase HDA18 16 which might act, like HDA6, in RNA directed DNA methylation, the chromatin remodeling 17 factors CHR34 and CHR40/CLASSY4, a SWIB/MDM2 family member encoded by At5g23480 18 and the POL V subunit 5-like protein which might all fulfill specific functions in the egg cell. 19
Nevertheless, we also found differences between the RKD2-induced callus and the egg cell 20 transcriptome since, for example the embryo-expressed stem cell regulator WUSCHEL (WUS) 21 is induced in the RKD2 callus although not expressed in the egg cell, whereas four of the five 22 egg cell-specific EC1 genes were not RKD2-induced. These variations in expression suggest 23 that certain aspects of the egg cell transcriptome are activated in the RKD2-induced callus 24 rather than all transcriptome features of the egg cell. 25 
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